The acoustic properties of liquid oxygen have been studied up to 90 T by means of the ultrasound pulse-echo technique. A monotonic decrease of the sound velocity and an asymptotic increase of the acoustic attenuation are observed by applying magnetic fields. An unusually large acoustic attenuation, that becomes 20 times as large as the zero-field value, cannot be explained by the classical theory. These results indicate strong fluctuations of antiferromagnetically coupled local structures. We point out that the observed fluctuations are a precursor of a liquid-liquid transition, from a low-susceptibility to a high-susceptibility liquid, which is characterized by a local-structure rearrangement.
I. INTRODUCTION
Classically, the liquid phase is treated as a homogeneous state of matter where molecules are disordered translationally and orientationally. In this theoretical framework, the liquid and gas phases have the same symmetry and the density difference is taken as the order parameter to distinguish them. In the last two decades, discoveries of liquid-liquid transitions (LLTs) have opened a new perspective on the classical understanding of liquids [1] [2] [3] [4] . Two distinguishable states of a liquid indicate that the symmetry of the liquid breaks locally and dynamically. LLTs have been proposed for many elemental and molecular liquids at high pressure, and are recognized as ubiquitous phenomena [5] [6] [7] [8] [9] [10] [11] [12] .
Up to now, LLTs have been mostly discussed as a function of pressure, P , and temperature, T [13] . For the case of H 2 O, a low-density liquid (LDL) and highdensity liquid (HDL) are proposed [4] . The frustration between hydrogen-bond (directional) and van der Waals interaction (isotropic) results in two competing states, a tetrahedrally coordinated LDL and close-packed HDL [2] [3] [4] . Pressure tunes the delicate balance between them and induces a crossover (possibly a phase transition in the supercooled regime). Here, LDL and HDL are distinguished by density and bond-order parameters; the latter is defined as the local fraction of locally favored structures [2] .
When the molecule is magnetic, it is natural to introduce the magnetic field, H, as a thermodynamic variable, implying that H can also drive a LLT. In that case, the magnetic susceptibility χ is taken as the primary order parameter, and two states of the liquid would be distinguished as low-susceptibility liquid (LχL) and highsusceptibility liquid (HχL). A promising candidate for the magnetic-field-induced LLT is liquid oxygen. The O 2 molecule has a spin S = 1, and liquid oxygen (90.2-54.4 K) behaves as a paramagnetic liquid with antiferromagnetic (AFM) correlations [14, 15] . The Curie-Weiss temperature is approximately −50 K [16, 17] . The AFM exchange interaction leads to the dynamical dimerization of O 2 molecules with a singlet spin state, which is suggested by magnetic-susceptibility [14, 15] , optical absorption-spectra [17] [18] [19] [20] , and neutron-scattering data [21, 22] , as well as by molecular dynamics (MD) simulation [23, 24] .
In fact, an external magnetic field tunes the geometrical alignment of the O 2 -O 2 dimer [25] [26] [27] [28] . At zero field, the H geometry (rectangular parallel) is the most stable alignment which maximizes the AFM exchange interaction with maximized overlap integral. When the magnetic moment is fully polarized by external fields, the O 2 -O 2 dimer prefers X (crossed) or S (canted) geometries to minimize the overlap integral. Such a field-induced molecular rearrangement has been observed in the solid oxygen α-θ phase transition at around 100 T [29] [30] [31] . The same mechanism would be relevant also for a LLT of oxygen where the favored molecular alignment (H, X, S, distinguished by the bond-order parameter) changes by magnetic field.
In this paper, we present the ultrasonic properties of liquid oxygen up to 90 T. The experimental results, which indicate strong fluctuation of the local structures, are discussed in the context of the proposed magnetic-fieldinduced LLT.
II. EXPERIMENT
An ultrasound pulse-echo technique with digital homodyne detection was used to study the sound velocity, v, and acoustic-attenuation coefficient, α. A scheme of the experiment is shown in Fig. 1 . Two LiNbO 3 transducers (Y-36 o cut, fundamental resonance at 20-40 MHz) were placed parallel by using a plastic spacer (typically, sample length L = 5 mm). The sample space was filled by pure oxygen gas (99.999 %). On cooling, liquid oxygen with vapor pressure was condensed at the bottom of a fiber-reinforced plastic (FRP) tube. Condensed oxygen was automatically filled in the plastic spacer through the holes. Radio frequency (RF, 20-210 MHz) acoustic-wave pulses were excited and detected by the transducers. The echo signal and reference RF were recorded by a digital oscilloscope (LeCroy, HDO 8108A). The phase and amplitude of the 0th echo were detected by digital homodyne and converted to the relative change of v and α as,
Here, Φ is the phase of the detected echo, f is the ultrasound frequency, τ 0 is the travel time of the sound for L, and A/A 0 is the amplitude normalized by zero-field value. The sound velocity at zero field is calibrated by the value from literature [32] [33] [34] . v does not depend on f below 3.6 GHz [34] . Magnetic fields below 60 T were generated by a pulsed magnet with pulse duration of 150 ms. The 90 T pulse was generated by a dual-pulse magnet (with the temporal field profile shown in the inset of Fig. 3 ) [35] . The magnetic field was measured by a pickup coil placed near the plastic spacer. The magnetic field was parallel to the ultrasound propagation direction. The temperature immediately before the pulse was measured by a RuO 2 resistance thermometer.
III. RESULTS
Figure 2(a) shows the sound velocity as a function of magnetic field for various temperatures. In the whole temperature range, a monotonic decrease of v is observed without any hysteresis. The reversible results indicate that any temperature change (e.g., due to a magnetocaloric effect) is negligible in this experimental setup (see also Ref. [36] ). At 90 T, v decreases by 8.5 % without any sign of saturation. Figure 2(b) shows the temperature and frequency dependence of the relative change of the sound velocity ∆v/v at 55 T. Within our measurement accuracy, ∆v/v does not depend on T and f . Figure 3 shows the acoustic attenuation coefficient at 77 K up to 90 T. Here, we plot α normalized by the square of the ultrasound frequency, α/f 2 , which gives one universal curve for the different ultrasound frequencies. In this paper, we use in the following the unit 10 −15 s 2 /m for the normalized attenuation. Up to 90 T, α/f 2 shows a monotonous increase and reaches a value above 200, which is 20 times as large as the zero-field value. Empirically, α/f 2 is known to be approximately 10 for the simple non-associated liquids (Table I ). This evidences that the observed value of 200 is extraordinarily large.
IV. DISCUSSION
The classical acoustic attenuation due to viscosity and heat conduction is described by [37, 40] 
Here, f is the ultrasound frequency, ρ is the density, η s is the shear viscosity, η v is the bulk viscosity, γ is the heat capacity ratio, κ is the thermal conductivity, c p is the specific heat at constant pressure. Typical values are summarized in Table II . The acoustic attenuation dominantly originates from the viscosity (η s and η v ), and the contribution from the heat conduction is around 10 % [37] . Assuming that the value inside the bracket in Eq. (3) is field independent, the relative change of α is given by
The density decreases by 0.02 % at 8 T [41] , and a quadratic extrapolation gives −2.8 % at 90 T. Using the measured ∆v/v [ Fig. 2 (a) ], the field dependence of the sound attenuation can be calculated and is shown as the dotted line in Fig. 3 . ∆α/f 2 is at most 3, which is much less than the observed value. Let us comment on our assumption of the field independence of the term in the bracket of Eq. (3). The dominant contribution of this term comes from η s and η v . η s of liquid oxygen decreases by 5 % at 50 T [42] , which even reduces the change of α. To explain the observed attenuation based on Eq. (3), η v would have to become 50 times larger than the zero-field value, which is not realistic. Thus, the classical attenuation mechanisms due to viscosity and heat conduction cannot account for the observed acoustic attenuation.
As possible reasons for the excessive acoustic attenuation, (i) relaxation and (ii) a phase transition (including critical phenomena) are proposed [40] . The effect of relaxation is observed when the ultrasound frequency is close to the relaxation dynamics of the molecules. As an estimate for that the so-called Lucas relaxation frequency is used [43] ,
The parameters are taken from Table II [37] . f L is consistent with the relaxation time obtained from inelastic neutron scattering [21] and is orders of magnitude larger than the ultrasound frequencies used in this study. Moreover, ∆v/v and ∆α/f 2 do not depend on the ultrasound frequencies (Figs. 2 and 3 ), indicating the dispersion is negligible in this frequency range. Therefore, we can exclude the effect of relaxation.
As a possible explanation for the excessive acoustic attenuation we, therefore, propose a nearby phase transition (with corresponding critical phenomena), from LχL to HχL. The locally favored structure changes from H-to X-or S-type geometry by applying a magnetic field [25] [26] [27] [28] , which results in a phase transition for solid oxygen at around 100 T [29] [30] [31] . Near the phase boundary (or critical point), the local molecular arrangement is more degenerated and fluctuates. The fluctuation of the local structure and density results in the strong acoustic attenuation and the decrease of sound velocity. This is generally observed near a gas-liquid critical point [44] [45] [46] . For the case of liquid H 2 O, the increase of ∆α/f 2 by lowering the temperature (see Table I ) is explained in the context of two competing local molecular arrangements [39] . The observed increase of ∆α/f 2 would be also attributed to field-induced local-structure fluctuations, namely, a precursor of the field-induced LLT.
When the fluctuations are suppressed at extremely high fields (∼300 T), α should show reasonable values explainable in the framework of the classical theory (∼10). Therefore, a maximum of α is expected at higher magnetic fields, where the LLT or a crossover takes place. Thermodynamic analysis suggests that a second-order phase boundary is allowed for the vector order parameter ∆M, but not for the scalar order parameter ∆ρ [13] . In this sense, the magnetic-field-induced LLT is qualitatively different from the pressure-induced LLT. Experiments at higher fields are needed to prove the existence of the magnetic-field-induced LLT.
V. CONCLUSION
Our high-field ultrasound measurements on liquid oxygen revealed that (i) v decreases and (ii) α increases monotonously up to 90 T. Especially, the observed acoustic attenuation cannot be explained by classical attenuation mechanisms. These features reflect local-structure fluctuations, which are considered to be a precursor of a field-induced LLT. The analogy with the solid oxygen α-θ phase transition suggests that the LLT is driven by a field-induced molecular rearrangement. Higher-field experiments are needed to confirm the proposed LLT. Our finding, the precursor of a magnetic-field-induced LLT, suggests that LLTs are more general phenomena than generally assumed. Using the three independent tuning parameters (T , P , and H) one may speculate that more than two liquid phases can be realized even for elemental liquids. In this context, searching for a pressureinduced LLT for oxygen, which has not been proposed, is a promising venue for a deeper understanding of this liquid.
